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Abstract 
The friction behavior in dry metal forming is studied with a new tribometer. From the microscopic observation, it is found that 
the ratio of the flattened area starts to increase sharply when plastic deformation extends in the whole bulk. But, the nominal 
frictional stress increases linearly with the nominal contact pressure irrespective of the ratio of the flattened area. The surface 
texture of the flattened area is measured by using electron probe surface roughness analyzer. Before the start of bulk plastic 
deformation, the flattened area is smooth and almost the whole area seems to be real area of contact. After plastic deformation 
in the bulk material, the flattened area is roughened. A new friction law for dry metal forming, Coulomb’s friction with constant 
friction coefficient P holds up to the critical pressure and the law of constant frictional stress W holds for the higher pressures, is 
proposed based on the experimental results. 
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1. Introduction 
Two frictional laws are generally used in the metal forming field. One is Coulomb’s law in which the frictional 
shear stress is proportional to the normal stress and the friction coefficient is used. Another one is frictional shear 
stress law in which the frictional shear stress is dependent on the flow stress of the bulk material and the friction 
shear factor is used. 
In the adhesion theory of friction by Bowden et al. (1954), the frictional shear stress is determined by the real 
area of contact and the shear strength of the bond in that region. Therefore, a number of studies on the ratio of 
flattened area have been carried out by using surface asperity models (Bay et al., 1976). According to the 
deformation analysis of the surface asperities considering the plastic deformation of bulk material by Ike et al. 
(1990), the ratio of flattened area increases rapidly as the average pressure increases. This result suggests that the 
average frictional stress may increase rapidly as bulk plastic deformation proceeds. 
In this paper, the friction behavior is examined by using a newly devised tribometer. And a new friction law for 
dry metal forming is proposed based on the experimental results. 
 
 
Nomenclature 
pa average pressure 
Wa average frictional stress 
E f ratio of flattened area 
pf contact pressure on flattened area 
W f frictional stress on flattened area 
Y yield stress 
k shear yield stress 
m friction shear factor 
P friction coefficient 
Pf friction coefficient on flattened area 
T wedge slope 
pcr critical pressure 
 
2. Experiment 
2.1. New tribometer and experimental conditions 
Fig. 1 shows the outline of the newly developed tribometer. A sheet specimen is fixed at the left end and 
stretched to the right with a constant load, which alone does not cause macroscopic plastic deformation. The 
compression tool moves to the upper direction with a constant speed of U = 0.01 mm/s. The friction tool is driven 
to the right with a constant speed of V = 0.1 mm/s while the specimen is compressed. The compressing load and 
the frictional force are measured by the load cells. DLC is coated on the friction tool of cold working die steel with 
about 3 Pm in thickness and roughness of 0.14 PmRz. A polytetrafluoroethylene sheet is inserted to reduce the 
effect of friction between the specimen and the compression tool.  
Fig. 2 shows the shape of the specimen. The specimen material is hardened pure aluminum A1050-H24. The 
yield stress Y of this material is 153 MPa. No work hardening is estimated because of the extremely small 
elongation. The friction area of the specimen has microscopic wedges with a wave length of 0.2 mm and a point 
angle of 120 degrees by cutting. The shape of the specimen does not interfere with the tools outside the friction 
area. The specimen is cleaned by ultrasonic cleaning device in acetone to remove of oil. 
 
1874   Tatsuhiro Suzuki et al. /  Procedia Engineering  81 ( 2014 )  1872 – 1877 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic illustration of tribometer.                                         Fig. 2. Dimensions of specimen (mm). 
2.2.  Friction behavior 
Fig. 3 shows the friction area surface of the specimen and the friction tool surface after the friction test ( pa = 
130 MPa ) taken with an optical microscope. It is confirmed that no seizure takes place between them although the 
flattened surface of the specimen has some microscopic scratches.  
The ratio of flattened area E f measured by using the photographs is plotted against the average pressure pa in 
Fig. 4. The ratio of flattened area changes in proportion to the average pressure up. But, the ratio of flattened area 
leaves from the straight line at around pa = 90 MPa when plastic deformation starts in the bulk material. The 
average frictional stress Wa is plotted against the average pressure pa in Fig. 5. The average frictional stress changes 
in proportion to the average pressure up to the end of each experiment.  
The frictional stress and the contact pressure on the flattened area are calculated by ߬௙ = ߬௔ ߚ௙Τ , ݌௙ = ݌௔ ߚ௙Τ . 
The frictional stress over the flattened area W f  is plotted against the contact pressure on the flattened area pf in Fig. 
6. It seems that the frictional stress over the flattened area decreases linearly when the contact pressure on the 
flattened area decreases with proceeding plastic deformation in the bulk material. This suggests that Coulomb's 
friction law holds when the contact pressure on the flattened area decreases. 
 
 
 
 
 
 
 
 
Fig. 3. Surface of specimen and DLC tool after test observed by microscope (pa = 130 MPa). 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Relationship between average pressure and                                        Fig. 5. Relationship between average pressure and  
ratio of flattened area.                                                                                     average frictional stress. 
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Fig. 6. Relationship between frictional stress on the flattened area and contact pressure on the flattened area. 
 
2.3.  Surface texture of flattened area 
To clarify the mechanism of the friction behaviour, the flattened surface is observed by electron beam 
roughness analyzer which is a sort of Scanning Electron Microscope with plural electron detectors to measure the 
depth distribution of surface. As shown in Fig. 7(a), the flattened area for pa = 60 MPa is smooth and almost the 
whole area seems to be real area of contact before the start of bulk plastic deformation. But, as shown in Fig. 7(b), 
the flattened area for pa = 130 MPa is roughened after plastic deformation in the bulk material.  
Fig. 8 shows the bearing curve measured by electron beam roughness analyzer. It seems that the flattened area 
for pa = 130 MPa has the roughness valleys of 0.1 - ȝPLQGHSWKFRPSDUHGZLWKWKHIODWWHQHGDUHDIRUpa = 60 
MPa. This suggests that the real area of contact seems to be much smaller than the flattened area. 
 
 
 
 
 
 
 
 
 
Fig. 7. Relationship between average pressure and flattened area ratio for DLC tool. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Bearing curve measured by ERA. 
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3. Friction law 
3.1. Derivation of friction law 
From the experimental result shown in Fig. 6, the friction coefficient on flattened area is represented as follows;     
P  f  = Wf / pf.  Since average frictional stress and average pressure are given by Wa= E f Wf andpa= E f pf, the 
following equation can be derived.  
Ĳa = ȝf pa .                                                                                                                                                                           (1)  
This means that friction coefficient is equal to friction coefficient on flattened area. Coulomb’s law is valid for 
dry forming condition as shown by the line OB’ in Fig. 9, whether bulk plastic deformation occurs (BB’) or not 
(OB). 
At very high average pressures such as point C in Fig. 9, the whole surface really contacts with the tool surface 
as Fig. 7(a). If the frictional stress of the real contact area is not affected by the contact pressure, the friction law in 
this pressure region may be represented by CD. Point A in Fig. 9 is the crossing point of the line extended from 
OB’ and the line extended from DC. The frictional stress and the pressure of point A are identical with those on 
flattened area without bulk deformation.The contact pressure pcr on the flattened part without bulk deformation can 
be determined by using slip line method as a function of the wedge slope T and the frictional stress mk on the 
flattened wedge.  
               pcr
Y
 = C = 2
ξ3
൬
1 + sin2ĳ
2
 + ʌ
4
 + ĳ - ș൰  ,                                                                                                                       (2) 
ĳ = 1
2
cos-1m .                                                                                                                                                                    (3) 
 
The contact pressure on the flattened wedge is kept constant as long as the contact area increases without bulk 
deformation. When the average pressure increases, the plastic deformation region of the wedge extends. Then the 
contact pressure decreases as Fig. 6 when the whole bulk material begins to deform plastically. The flattened 
surface has the microscopic roughness valleys as Fig. 7(b). If bulk plastic deformation is constrained at the time of 
wedge collapse, the whole surface will soon come in contact with the tool.  
From the above consideration, a new friction law, Coulomb’s friction with constant friction coefficient P holds 
up to the pressure of point A and the law of constant frictional stress W holds for the higher pressures, is proposed. 
Since the value of m is not directly related to P in the above equations, an approximate expression of the relation 
between m and P is derived as follows: 
m = Ĳ
k
 = ξ3ȝpcr
Y
 = ξ3ȝ (aȝ + b) ,                                                                                                                               (4) 
a = -0.48ș2 + 2.48ș - 3.82 ,                                            
b = -1.19ș + 3.0 .                                                              
 
 
 
 
 
 
 
 
 
 
Fig. 9. Variation of frictional stress with pressure in newly proposed friction law. 
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3.2. Examination of proposed law 
Since the present equipment does not allow contact pressures higher than the critical pressure, additional 
friction tests are carried out under very high contact pressures by constraining the specimen in a container not to 
deform plastically as shown in Fig. 10. The same DLC coated friction tool is used for the anvil and the same 
aluminium sheets without artificial wedges are used for the specimen as those employed in the experiment of 
Chapter 2. The shape of the specimen is square of one side 10 mm. The anvil is driven with a speed of 0.1 mm/s. 
Fig. 11 is shown the surface of the anvil and the specimen after the experiment. It is confirmed that no seizure 
takes place on the anvil surface. As shown in Fig. 12, the experimental points obtained by the two testing methods 
drop on the line of P = 0.15 (m = 0.61) up to a pressure of about pa / Y = 2.3. Above this pressure, the average 
frictional stress seems to saturate at about m = 0.6. From the above results, it can be said that the proposed friction 
law is justified by the experiments. 
 
 
 
 
 
 
 
 
Fig. 10. Measuring method of friction under high pressure.           Fig. 11. Surface of anvil and specimen after high pressure 
friction test (pa / Y = 2.75). 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Relationship between average frictional stress and average pressure. 
4. Conclusion 
To examine the friction law for dry metal forming, a new tribometer was developed and experiments with 
specimens from an aluminum sheet and a DLC coated tool are carried out.  
(1) Although the ratio of flattened area starts to increase sharply once bulk plastic deformation occurs, average 
frictional stress changes in proportion to average pressure up to the end. 
(2) From the observation by electron beam roughness analyser, the real area of contact seems to be much 
smaller than the flattened area after the bulk plastic deformation. 
(3) A new friction law for dry forming, a constant friction coefficient at low contact pressure and an associated 
frictional stress at high contact pressures is proposed and confirmed to be valid. 
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